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We report a technique to tailor a laser beam profile from 
a donut to quasi-top-hat intensity distribution, directly 
from the laser, simply achieved by simultaneous 
excitation and control of the relative contributions of the 
fundamental (TEM00) and first order Laguerre-Gaussian 
(LG01) transverse modes. Exploiting a dual-cavity 
configuration with a single Nd:YAG gain element, 
adaptable continuous-wave laser beam profiles from the 
primary cavity could be obtained by varying the 
diffraction loss of an acousto-optic modulator in the 
secondary cavity. We investigated the resultant beam 
profiles as a function of pump power and the AOM 
diffraction loss, and discuss the prospects for tunable 
laser beams profiles. © 2016 Optical Society of America 
OCIS codes: (140.0140) Lasers and laser optics; (140.3300) Laser beam 
shaping; (140.3410) Laser resonators; (140.3530) Lasers, neodymium.  
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Diode-end-pumped solid-state lasers have matured to such a level that they are now serving numerous applications in areas such as industry, defense, medicine and spectroscopy due to low lasing thresholds and high optical efficiencies. One of the primary attractions of this laser architecture is the ability to selectively excite one or a few transverse modes of the laser cavity by matching the pumping light distribution in the gain medium to the targeted laser modes [1]. It is becoming clear that tailored laser beam profiles are playing a major role in materials processing applications, as the intensity distribution at the work piece dictates the resultant pattern of the induced damaged zone, and the effects on the zone surrounding it. Moreover, optimizing the energy distribution can lead to dramatic improvements in the efficiency and speed of the ablation, hence processing time [2]. For example, it is well known that a fundamental Gaussian beam (TEM00) has an effective intensity twice that of an equivalent sized top-hat beam, leading to damage in a central region and possibly wasted energy, in terms of materials processing in the wings. Similarly damage to optical components sets the limit for energy/power extraction from lasers due to the higher on axis intensity. Increasing the number of transverse modes provides a means of increasing the energy content of the beam, however, non-uniform amplification of each discrete mode (or multi-
mode seed beams in amplifiers) causes deformation of the transverse intensity profile and mode competition, triggering dynamic instabilities in the intensity distribution and output power [3, 4]. For this reason, there has been significant effort devoted to controlling the transverse beam profile of lasers, to optimize the conditions for various applications, particularly precision micro-machining.   Several techniques have been employed to generate bespoke laser beam profiles. Passive methods based on geometric beam transforming optics, such as specially designed fiber waveguides [5, 6], mirror/lens arrays [7, 8] and spatial light modulators [9], are straightforward to implement and widely used, but each of these methods suffers from a lack of flexibility due to a one-to-one correspondence in their transformation function. Alternatively, tailored beam profiles can be generated directly in the laser cavity using intra-cavity beam shaping elements [10], or a graded-phase output coupler that encourages simultaneous lasing of multiple transverse modes [11, 12]. This approach has the advantage of simplicity in configuration and the prospect of high efficiency, but it is difficult to precisely control the distribution of power between modes due to saturation of inversion, thermo-optical effects, and mode competition. Pump-beam shaping techniques, that is, tailoring the pump beam profile to excite targeted laser modes, has been shown to be effective in overcoming this difficulty, however, this does require complex pumping systems such as a capillary-fiber [13, 14].  Here we report a new strategy for directly generating a laser beam with a tailored transverse intensity distribution from a solid-state laser based on a dual-cavity configuration incorporating a tunable loss component, namely an acousto-optic modulator (AOM). The control of the AOM diffraction loss allows us to precisely define the gain distribution in the laser medium, thus producing a laser beam with the targeted intensity profile. For demonstration, we have applied this approach to a diode-end-pumped Nd:YAG laser yielding hundreds of milliwatts of laser output with tailored beam profiles determined by the controllable diffraction loss of the AOM.  The Nd:YAG dual-cavity laser configuration used in our experiments is shown in Fig. 1. The laser employs a coupled dual-cavity configuration, i.e. the primary and the secondary cavities share a common gain medium and pump-in-coupling mirror, then separate through a polarization beam splitter to two linear cavities, as described in more detail in Ref. 15. To achieve a low-loss polarization beam splitter, we have employed an antireflection (AR)-coated calcite beam displacer along with an edge mirror providing independent spatial 
paths for the two polarized cavity modes in the respective cavities. Thus the output from the primary cavity was linearly polarized regardless of the transverse mode content. A 1.0 at.% Nd:YAG rod with a 5 mm length was used as the gain medium and mounted in a water-cooled aluminum heat-sink maintained at 19 °C positioned in close proximity to the pump in-coupling mirror. The pump beam was provided by a high power diode laser at 808 nm coupled to a typical step-index 0.22NA multimode fiber with a 200 µm core diameter. The pump absorption efficiency in the Nd:YAG rod was measured to be ~81% under optimum operating conditions.  The primary cavity comprised a plane pump input coupler (IC) with high reflectivity (>99.8%) at the lasing wavelength (~1 µm) and high transmission (>95%) at the pump wavelength (808 nm), a plano-convex lens of 75 mm focal length AR-coated at the lasing wavelength, and a plane output coupler with 20% transmission at the lasing wavelength (OC1). In order to excite both TEM00 and LG01 modes simultaneously, the pump beam was focused to have a waist radius of ~220 µm in the crystal since a calculated TEM00 waist was ~170 µm [16].  The secondary cavity included the shared pump input coupler (IC), and a second AR-coated lens of a 75 mm focal length and a plane output coupler with 5% transmission at the lasing wavelength (OC2). The secondary cavity also had a similar TEM00 mode size in the gain medium compared to the primary cavity. Both cavities were carefully designed such that the TEM00 mode size in the Nd:YAG rod was insensitive to the inherent thermal lensing. An aperture (AP) was inserted in the secondary cavity to suppress higher order modes, especially LG01 mode in this experiment. Furthermore, we placed the AOM in the secondary cavity to provide a tunable cavity loss for the TEM00 mode, still resulting in a lower lasing threshold than for the primary cavity. The round-trip loss of each cavity for the fundamental mode, including diffraction losses, was determined by the Findlay-Clay method [17]. When the AOM was inactive, the round-trip loss was determined to be 4.5% for the primary cavity and 9.0% for the secondary cavity (without the influence of the aperture, i.e. AP was fully opened). Higher cavity loss for the secondary cavity is due to the additional edge mirror and the insertion loss of the AOM. When AP was partially closed to ensure operation of the secondary cavity on the TEM00 mode only, the round-trip loss increased to 14.8%, however, the total cavity loss for the secondary cavity including the transmission of the output coupler, ~19.8%, was still lower than that for the primary cavity, ~24.5%.  We monitored the near-field beam profile of the output from the primary cavity at a relayed image-plane of the OC1, using a silicon CCD camera (Spiricon BS-USB-SP620). For an AOM loss of 0%, only the LG01 mode with the donut intensity profile was generated in the primary cavity as expected [15]. This is due to the overlapped gain 
distribution in the common Nd:YAG crystal because the total cavity loss of the primary cavity for the TEM00 mode, including the transmission loss of the output coupler, is higher than in the secondary cavity. Therefore the average population inversion in the center of the pumped region is pinned at the lower gain-level threshold set by the lowest cavity losses. Figure 2 shows the measured transverse intensity distributions of the laser output (P1) from the primary cavity, at an incident pump power of 3.2 W, and corresponding additional AOM diffraction round-trip losses of 0%, 0.5%, 1.5% and 2.5% in the secondary cavity, that is, round-trip losses in that cavity of 14.8%, 15.3%, 16.3% and 17.3%, respectively. Corresponding output powers were 143 mW, 184 mW, 230 mW and 239 mW, respectively, due to the increasing TEM00 mode contribution to P1 associated with the increasing round-trip loss, and reducing P2 output, for the secondary cavity. Higher AOM losses effectively isolated the secondary cavity, i.e. it did not reach threshold, which resulted in multimode laser operation of the primary cavity. These results clearly show that the relative contribution of the TEM00 mode to the total output from the primary cavity was determined by the threshold-gain state of the secondary cavity. Consequently, sufficient gain is made available for the TEM00 mode of the primary cavity, exceeding its losses, which then starts to appear in the P1 output.  For increasing AOM diffraction loss, the primary laser output intensity profile was smoothly transformed from the donut-shaped distribution, i.e. LG01 mode, to a shallow crater-shaped distribution, and finally, to a quasi-top-hat distribution. The latter became when the additional round-trip loss reached ~2.5%, for the pump power around 3.2 W. Secondary-cavity-losses and the cavity-photon-density of the lasing mode(s) define the population inversion distribution in the 
 
Fig. 1. Schematic diagram of the Nd:YAG dual-cavity laser. IC: input coupler, OC: output coupler, AP: aperture, AOM: acousto-optic modulator  
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+=+=− γγ (1) where I0,0(r) and I0,1(r) are the normalized intensity profiles for the TEM00 and LG01 modes respectively, γ  is a scaling factor for the relative intensity of the TEM00 mode to the LG01 mode, and, w is the 
waist for the constituent TEM00 beam. Theoretical calculations using Eq. (1) show that the combined intensity distribution is closest to a top-hat shape for γ =1, as seen in Fig. 5(a). We empirically determined the magnitude of the scaling factor γ for the various experimental conditions tested, fitting Eq. (1) to the measured near-field beam profiles. Fig. 5(b) shows the result as a function of the pump power for different AOM losses. As the pump power was increased, it was observed that γ  decreased and converged to a value less than 1, resulting in a crater-shaped beam profile at the highest pump powers trialed. This effect on the primary cavity output beam is a result of the higher slope efficiency for the LG01 mode compared with the TEM00 mode. When we suppressed lasing in the secondary cavity, by closing the AP completely, we could obtain a quasi-top-hat beam with γ ≈ 1.0. This demonstrates that the scaling factor, thus beam profile shape, is dependent on the TEM00 lasing condition of the secondary cavity, which extracts the stored energy from the central volume of the pumped region in the laser medium. Moreover, the pump beam volume had been carefully chosen to provide an optimal overlap for the first two modes of the primary cavity [16]. As such the relative contribution of each mode of the isolated primary cavity was nominally equal, i.e. γ ≈ 1. A larger pump spot would favor a smaller γ, with a greater contribution coming from the LG01 mode but potentially allow for LG02 to reach threshold, which is not accounted for in this simple scaling factor. Alternatively, a smaller pump beam, favoring mode matching with the fundamental cavity mode, could increase γ, as is the norm for end-pumped solid-state lasers, which generally target 
γ ≈ ∞. Evidently, from the results presented herein, employing the dual-cavity configuration enables the tailored beam profile from the primary cavity, via adjustment of the cavity loss in the secondary cavity. The AOM in the secondary cavity could in fact be replaced with another optical device, such as an electro-optic modulator, or an angled etalon, which also provides precise control of intra-cavity loss. That is to say, the method is not limited to use of an AOM, but will be transferrable to any suitable method of adjusting the cavity-Q dynamically. 
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Fig. 4. Output beam profiles at an incident pump power (P) of 2.7 W, 3.2 W, and 3.9 W for the AOM losses of (a) 0%, (b) 0.5%, and (c) 1.5%. 
Furthermore, the dual-cavity configuration will also allow laser operation in a Q-switched mode, similar to that reported by Arbabzadah et al. [19], by adding another Q-switch in the primary cavity, benefitting from higher damage threshold limits, better extraction efficiency, and being able to tailor the resultant beam profile dynamically. In summary, we have demonstrated a novel technique for direct generation of tailored beam profiles using a dual-cavity laser configuration. This technique has been applied to a Nd:YAG laser with a controllable AOM diffraction loss in a secondary cavity, used to define the appropriate gain distribution in the primary cavity, and thus produce spatial intensity distributions ranging from a pure donut-beam to one with a quasi-top-hat profile. In addition, we analyzed the ratio of the respective contributions of the TEM00 mode to the LG01 mode in the output beam, as a function of the AOM loss. With this knowledge, we were able to define the optimum conditions for generating a desired beam profile, which could be changed rapidly via control of the AOM diffraction efficiency. This approach will be advantageous for adaptable beam profiles in high-power solid state laser systems, with excellent potential for Master Oscillator Power Amplifier systems and Q-switched modes of operation. Furthermore, 
this method provides very good extraction efficiency of the stored energy, coupled with the potential for higher pulse energy extraction before damage threshold limits are reached. This is primarily due to better amplification uniformity across the oscillating modes, by controlling the gain distribution profile via the operating conditions of the secondary cavity. We believe the simplicity and flexibility afforded by this technique will benefit a range of applications requiring laser beams with high power and a bespoke intensity profile.   
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Fig. 5. (a) Calculated intensity distributions of laser beams (P1) with different scaling factors, γ, from Eq. (1), and, (b) the fitted scaling factor γ as a function of incident pump power for different AOM losses. inf : infinite  
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